Abstract. Nowadays, piezoelectric linear actuators draw wide attention of researchers around world as its advantages of simple structure, high precision and rapid response. To improve the performance of the non-resonant piezoelectric motor, a symmetric piezoelectric linear motor driven by double-foot is studied in the paper. The vibration model of the stator is established based on the structure and the working mechanism of motor. Then guide mechanism and preload device is designed and a prototype is fabricated to verify the feasibility of structure. The performances of motor under different driving signal are tested in experiment. By applying three-phase square-triangular waves signal and four-phase sine waves signal of peak to peak value 100 V with 50 V offset and frequency of 100 Hz, the speed of prototype reaches 733 μm/s and 667 μm/s and the maximum thrust is 8.34 N and 6.31 N respectively.
Introduction
Piezoelectric linear motors are widely used in the various application fields as its advantages of simple structure, high precision and rapid response [1] [2] [3] [4] [5] [6] [7] [8] . The existing piezoelectric linear motors can be classified into resonant type and non-resonant type. In the resonant type, piezoelectric ceramic is used as the driving element [9] [10] [11] . In order to generate linear motion, vibration at ultrasonic frequency range on an oscillating element is transferred to a moving element through frictional coupling [12] [13] [14] [15] . Usually, these motors are greatly affected by the change of temperature and structure parameter. Since the resonant state is unstable, it is difficult to control the motor. Piezoelectric stack [16] , which would output large displacement and thrust under small driving voltage, is used in non-resonant motors. Thus the non-resonant motor will work stably even not in resonant state [17] .
In recent decades, by means of piezoelectric stack, all kinds of stepping motors with high positioning accuracy are developed [18, 19] . Among which the inchworm principle type [20, 21] and inertial impact type [22, 23] linear motors are well known. However, high requirements are put forward in drive signal and positioning accuracy. Inchworm motor utilizes alternating motion of clamping mechanism and driving mechanism to make the mover do linear motion continuously. It has high positioning accuracy and strong carrying capacity, but its structure is complex and its performance is obviously affected by the processing precision and assembly situation. Inertial piezoelectric linear motor utilizes the rapid deformation of piezoelectric element to produce large inertial impact in the moving element. Thus it will be driving the mechanism with the advantages of high thrust and large stroke. But it requires driving and control signal of high quality. In recent years, professor Huang from Nanjing University of Aeronautics and Astronautics proposed several kinds of non-resonant motors based on inverse piezoelectric effect [24, 25] . To improve the performance of these motors, a symmetric piezoelectric linear motor driving by double-foot of stator is proposed in the paper.
Modeling and analysis
To summarize the advantages and disadvantages of stators in traditional motors, a novel symmetric stator which has the merits of simple structure, convenient assembly and high thrust is designed in the paper. Fig. 1 gives the structure of stator, which includes the left stator 1 and the right stator 2. 
where, ( ) and ( ) is the output force of the longitudinal piezoelectric stack, which can be written as:
where, is the stiffness of the piezoelectric stack and is the total stiffness of the rest part of the stator. According to the experiments of previous motor, it is found that the precompression almost does not change when the stator is under working mode. So the precompression can be expressed by:
Thus, it can be solved as:
Lateral vibration model is built similar to longitudinal vibration model without press compression. The lateral vibration displacement equation of the stator is written as:
The equation of the moving trajectory of the stator driving foot can be written as:
where:
From the equation, it is obviously that the moving trajectory is a elliptical. Two driving feet drive the mover alternatively to do linear motion when every driving foot has driver stage and return stage. Fig. 3 shows the force diagram of two stators and the mover when the stator 1 is under driver stage and the stator 2 is under return stage. The friction is under consideration. Here, ( ) and ( ) is the friction between two stators and the mover when ( ) and ( ) is the output force of lateral piezoelectric stacks. Then the following equation is derived:
and
where, and is coefficient of friction between two stators and the mover. When the mass of the mover is , the acceleration equation of the mover is written as:
Also, the velocity of the mover can be expressed by:
If there is a force loaded on the mover, the velocity equation of the mover in this half circle is:
In the other half circle, the stator 1 and the stator 2 exchange the motion and the mover keep the velocity to do the linear motion. By repeating this two stages, the stator will achieve a constant liner motion when applying sine waves on the piezoelectric stacks. From the above deduction, the velocity of the mover has the relationship with the structure parameters, the coefficient of friction and the load on the mover.
The other operative mode is rectangular motion mode. Fig. 4 The voltage equation can be written as:
where, is the remainder operator. So that the longitudinal vibration equation can be derived as:
when the stator 1 is under driver stage and the stator 2 is under return stage, the lateral vibration equation is written as:
then the lateral displacement can be expressed by:
Also, the velocity of mover is:
The mover does uniform linear motion with square wave and triangle wave, which would be more stable than using sine wave signals.
To investigate the transient dynamics of the structure, FEM analysis were carried out using the finite element software ANSYS. Fig. 5 shows the model and load of the motors. With a driving signal of 100 V and 100 Hz applied on the piezoelectric stack, dynamic simulation results of two operative modes is obtained. Fig. 6(a) shows motion trail of the top of the driving foot when sine waves is applied. Also Fig. 6(b) shows displacement of the mover at the same time. It is obviously that driving foot of stator do elliptical motion to push the mover do linear motion. However, Fig. 6(b) shows the mover can only do linear motion stably in a half period. It means the stator cannot push the mover effectively, which degrade performance of the motor. mover do uniform linear motion in this mode. Through the simulation results, when the second mode (square wave and triangle wave signal) is operated, the motion of motor would be more stable than the first mode (sine waves signal) is operated. To analysis some key point in one circle of stator, the motion mechanism can be showed as Fig. 8 There are four working phases of the motor in the Fig. 8 , where, a and c represents for the next moment of the = 0 and = /2 while b and d represents for the previous moment of the = /2 and = .
(1) In the first phase a, the piezoelectric stack 2 extends in y direction with a voltage applied on it. At this moment, the left stator driving foot pushes the mover.
(2) In the second phase b, the piezoelectric stack 1 and 3 extends a micro length in direction and negative direction. From phase a to phase b, the left stator driving foot drives the mover to move displacement in direction.
(3) In the third phase c, the piezoelectric stack 2 return to the original length. At the same time, the piezoelectric stack 4 extends in y direction with a voltage applied on it. Thus the right stator driving foot pushes the mover.
(4) In the fourth phase d, the piezoelectric stack 1 and 3 extends a micro length in negative direction and direction. From phase c to phase d, the right stator driving foot drives the mover to move displacement in direction.
In a circle, the stator pushes the mover to move displacement 2 in direction. By repeating steps (1) to (4), the motor will achieve a large stroke linear motion.
Experiment
To achieve the above principle, the whole structure of the motor is designed as shown in Fig. 9 . Fig. 9 . The whole structure of the motor
In performance test, four piezoelectric stacks NAC2013-H14 produced by Noliac company is used in the structure. The driving signal is applied by the signal generator and the power amplifier. This signal is displayed on the oscilloscope and is also applied on the stacks of the motor, which makes the motor in operative mode. The displacement of the motor can be measured by the laser sensor LK-H020 from Keyence Company with the resolution of 1nm.
When sine signal and square-triangle wave signal is applied on the four stacks, the velocity of the motor versus driving frequency is as shown in Fig. 10 .
In Fig. 10 , it is seen there is a linear relationship between frequency of the signal and velocity of the motor. By applying three-phase square-triangular waves voltage signal and four-phase sine waves voltage signal of peak to peak value 100 V with 50 V offset and frequency of 100 Hz, the velocity of prototype reaches 733 μm/s and 667 μm/s As a load experiment is done by using the motor to pull the weights, the results is shown in Fig. 11 . From the load experiment results in Fig. 8 , it is concluded when three-phase square-triangular waves voltage signal and four-phase sine waves voltage signal of peak to peak value 100 V with 50 V offset and frequency of 100 Hz is applied on the stacks, the maximum output force is 8.34 N and 6.31 N respectively.
Conclusions
A novel symmetric stator which has the merits of simple structure, convenient assembly and high thrust is designed in the paper. As piezoelectric stack is used as the driving element, the performance of motor can be hardly affected by the temperature and structure parameter. Modeling and analysis of stator in the motor are done under two different operative modes. The power requirements of two modes is simple. Also, the motion mechanism is discussed in the paper. Finally, the whole structure of the motor is designed and the experiment results validate the principle of this linear motor. In the experiment, by applying three-phase square-triangular waves signal and four-phase sine waves signal of peak to peak value 100 V with 50 V offset and frequency of 100 Hz, the speed of prototype reaches 733 μm/s and 667 μm/s and the maximum output force is 8.34 N and 6.31 N respectively. It is obviously that the speed capacity and the load capacity of the motor when three-phase square-triangular waves signal is applied are superior to it when four-phase sine waves signal is applied. More research will be focused on the motion repeatability, performance improvement and so on.
